In Brief
The processes driving evolutionary radiations remain unclear. Nevado et al. show that adaptive evolution is more frequent in evolutionary radiations compared to slowly diversifying lineages and that the frequency of adaptive evolution correlates negatively with population size-supporting a role for small population size in rapid diversification.
SUMMARY
One of the most long-standing and important mysteries in evolutionary biology is why biological diversity is so unevenly distributed across space and taxonomic lineages. Nowhere is this disparity more evident than in the multitude of rapid evolutionary radiations found on oceanic islands and mountain ranges across the globe [1] [2] [3] [4] [5] . The evolutionary processes driving these rapid diversification events remain unclear [6] [7] [8] . Recent genome-wide studies suggest that natural selection may be frequent during rapid evolutionary radiations, as inferred from work in cichlid fish [9] , white-eye birds [10] , new world lupins [11] , and wild tomatoes [12] . However, whether frequent adaptive evolution is a general feature of rapid evolutionary radiations remains untested. Here we show that adaptive evolution is significantly more frequent in rapid evolutionary radiations compared to background levels in more slowly diversifying lineages. This result is consistent across a wide range of angiosperm lineages analyzed: 12 evolutionary radiations, which together comprise 1,377 described species, originating from some of the most biologically diverse systems on Earth. In addition, we find a significant negative correlation between population size and frequency of adaptive evolution in rapid evolutionary radiations. A possible explanation for this pattern is that more frequent adaptive evolution is at least partly driven by positive selection for advantageous mutations that compensate for the fixation of slightly deleterious mutations in smaller populations.
RESULTS AND DISCUSSION
Positive Selection Is More Frequent in Rapid Evolutionary Radiations A central unanswered question in our understanding of rapid evolutionary radiations concerns the extent to which rapid diversification is driven by natural selection as opposed to extrinsic factors such as geographic isolation [7, 8] . In this context, evolutionary radiations have often been classified as either adaptive or non-adaptive depending on the perceived role of natural selection in diversification [7, 8] . However, it is likely that both adaptive and non-adaptive processes play a role in every evolutionary radiation [13] . Furthermore, evolutionary radiations underpinned by variation in physiological or behavioral traits can more easily be perceived as non-adaptive, compared to those involving more conspicuous morphological traits, causing a bias in our understanding of the extent and distribution of adaptive radiations in nature. An alternative way to understand the role of natural selection in rapid diversification is to quantify the extent to which natural selection drives evolution in these systems and, in particular, ask whether adaptive evolution is more common in lineages that diversify rapidly compared to those that do not.
To test whether adaptive evolution is a common feature of evolutionary radiations, we estimate the genome-wide frequency of adaptive evolution occurring across 12 rapid evolutionary radiations of angiosperms ( Figure 1 ; Table S1 ) and compare these estimates to background values obtained in previous studies [11, 17] . We focus on evolutionary radiations from some of the most species-rich biodiversity hotspots in the world (the Andes, the Rockies, the Himalayas, Hawaii, and the Canary Islands), including both oceanic island chains and large mountain ranges-geographic regions that have long fascinated evolutionary biologists due to the unparalleled abundance of rapidly diversifying lineages of many different taxonomic groups [1] [2] [3] . For each evolutionary radiation analyzed, we obtained fresh tissue for RNA extraction from multiple species from different Botanic Gardens throughout the UK (Table S1) , with the exception of Lupinus and Schiedea, for which plants were grown from seed in greenhouses in Oxford. For lineages for which more than 8 species were available and produced highquality RNA extracts, we randomly selected 8 species for RNA sequencing with the Illumina platform (average of 54 million reads per sample). For background lineages, the same number of species per lineage (n = 6-8) was obtained from GenBank during our previous work [11] .
To estimate the frequency of positive selection acting on coding sequences during diversification of each lineage analyzed, we applied methods based on the estimation of the nonsynonymous-to-synonymous substitution-rate ratio along phylogenies [18, 19] (u = dN/dS) to genome-wide datasets obtained with RNA sequencing. We assembled transcriptomes de novo for each species and identified single-copy orthogroups [20] (i.e., groups of orthologous genes present as single copy in all species) within each lineage. Without prejudice to the role of gene duplications during rapid evolutionary radiations [9] , in this work, we focus on single-copy genes to avoid the confounding effect of gene duplications on phylogenetic estimation and analysis of selection. On average, we analyzed 7,459 singlecopy orthogroups containing at least 6 congeneric species within each lineage and tested 66,982 genes for adaptive evolution across 12 plant evolutionary radiations.
We found that the genome-wide frequency of positive selection is variable across evolutionary radiations, with the percentage of genes evolving under positive selection within each lineage ranging from 2.9% in Schiedea to 31% in Puya (Figure 2 ; Table S2 ). The percentage of genes evolving under positive selection was significantly higher (Welch's two-sample t test, p = 0.00062) in the evolutionary radiations studied here compared to the more slowly diversifying background lineages analyzed previously [11] (Figure 2) , and non-synonymous mutations evolving under positive selection (population-scaled selective coefficient, S > 1) were significantly more frequent in evolutionary radiations compared to background lineages (Welch's two-sample t test, p = 0.0087; Figure S1 ). There were no significant differences in the frequency of positive selection (mean = 14.4% versus 16.5%; Welch's two-sample t test, p = 0.71) or the pairwise dN/dS (mean = 0.27 versus 0.23; Welch's two-sample t test, p = 0.32) between evolutionary radiations from islands and those from mountain ranges.
Our analysis of adaptive evolution assumes a known phylogenetic relationship between species within each lineage, across which rates of synonymous and non-synonymous divergence are estimated. If the underlying phylogeny is incorrect, false positive results can occur [21, 22] . We find that phylogenetic error is an unlikely source for the pattern we observe for three reasons. First, phylogenetic reconstruction using maximum-likelihood and coalescent-based approaches returned identical and wellsupported topologies in most cases, with only six species (in four plant lineages) having conflicting phylogenetic positions in the two approaches (see STAR Methods). Furthermore, the percentage of genes evolving under positive selection in evolutionary radiations compared to more slowly diversifying background lineages remains significantly different (Welch's twosample t test, p = 0.0028) after exclusion of these four lineages. Second, we excluded from our analyses genes that showed significant phylogenetic conflict with the overall species tree. Reassuringly, this approach resulted in exclusion of 68.5% of genes within Aeonium (and 0.2% to 26.8% in other lineages, Table S2 ), which reflects the polyploid events within this genus [23] and shows that our approach is able to detect and exclude Insets showcase the phenotypic diversity of some of the genera studied. Line drawings of Lupinus kindly provided by Rosemary Wise; Schiedea adapted from [14] ; Puya adapted from [15] ; and Echium adapted from [16] . See also Table S1 .
genes with conflicting phylogenetic histories. Third, across all lineages analyzed in this study, the percentage of genes evolving under positive selection correlated positively (two-sided Spearman's rank correlation test, rho = 0.66, p = 0.0028) with the average pairwise dN/dS ( Figure S2A ), which does not depend on phylogenetic information and thus would not be affected by incomplete lineage sorting or hybridization.
A potential caveat of this result is that more rapid speciation should lead to shorter internal branches, which can cause increased variance in estimates of dN/dS and potentially lead to false inferences of positive selection. If this were the case, we would expect more frequent inference of positive selection on lineages that exhibit more frequent phylogenetic conflict and lower synonymous divergence (due to faster speciation and/or younger age). While the percentage of genes under positive selection correlated negatively with mean synonymous divergence across all lineages studied (two-sided Spearman's rank correlation test, rho = À0.46, p = 0.0477, Figure S2B ), there was no significant correlation between these two variables within evolutionary radiations (two-sided Spearman's rank correlation test, rho = À0.48, p = 0.11) nor background lineages (two-sided Spearman's rank correlation test, rho = À0.32, p = 0.49) separately nor between the percentage of genes evolving under positive selection and the amount of phylogenetic incongruence across all lineages (two-sided Spearman's rank correlation test, rho = 0.41, p = 0.0834, Figure S2C) . A linear regression model taking as independent variables lineage type (evolutionary radiation versus background lineage), mean synonymous divergence, and amount of phylogenetic conflict further confirmed that only the classification as an evolutionary radiation or a background lineage was a significant predictor of the percentage of genes evolving under positive selection in each lineage (p < 0.05; overall model fit, R 2 = 0.324). Thus, our finding that adaptive evolution is more frequent in evolutionary radiations does not seem to be driven by biases inherent in our analysis but rather represents a true pattern observed across the plant lineages analyzed. Our analysis is based on sampling of a large array of species comprising very different life history traits, generation times, fecundity, sizes or habits. The amount of phylogenetic conflict observed varied markedly among lineages (Table S2 ), suggesting that the most frequent speciation modes (e.g., founder effect versus parapatric speciation [24] ) may differ among the evolutionary radiations analyzed. Thus, our finding of consistently more frequent adaptive evolution in evolutionary radiations compared to more slowly diversifying background lineages is generalizable to other plant lineages and perhaps to rapid evolutionary radiations in general. The unequivocal result of more frequent adaptive evolution, across such a wide range of angiosperm species, points to a general rule of evolutionary radiations: the pervasive role of adaptive evolution.
What Determines the Rate of Adaptive Evolution during Rapid Diversification? More frequent adaptive evolution during rapid diversification may be caused by adaptation to a diverse range of new ecological niches [1] . If this were the case, we would expect a positive correlation between the niche volume-defined as a hyper-volume in multi-dimensional ecological space [25]-occupied by an evolutionary radiation and the rate of diversification and frequency of adaptive evolution observed. This scenario also implies a positive correlation between population size and frequency of adaptive evolution, as population size determines the rate of emergence of advantageous mutations driving adaption to novel niches [26] , even though other sources of adaptive genetic variation-including from standing genetic variation or hybridization-may also be involved [27] [28] [29] . To test this hypothesis, we estimated niche volume, diversification rates, and ancestral population sizes for the 12 evolutionary radiations studied (Table S2) . Here, we focus on the analyses within evolutionary radiations to understand why the frequency of adaptive evolution varies among the rapidly diversifying lineages. Furthermore, ecological modeling for widely distributed background lineages would be less reliable due to lack of clear limits on their geographic distributions. We note, however, that diversification rates are higher in evolutionary radiations compared to background lineages (by definition) and that population sizes of lineages in oceanic islands are typically smaller than their mainland counterparts [e.g., 30, 31], and the same is likely true of the plant lineages inhabiting young mountain ranges considered here. Our analyses revealed a positive but non-significant relationship between diversification rate and niche volume (two-sided Spearman's rank correlation test, rho = 0.65, p = 0.066; Figure S3 ), and a negative non-significant relationship between niche volume and frequency of positive selection (two-sided Spearman's rank correlation test, rho = À0.24, p = 0.44); while population size (averaged over all ancestral nodes of each phylogeny) and frequency of positive selection showed a significant negative correlation (two-sided Spearman correlation test, rho = À0.58, p = 0.048; Figure 3 ).
Our results thus do not support the hypothesis that more frequent adaptive evolution in evolutionary radiations is driven Table S2. primarily by adaptation to novel ecological niches. Instead, they suggest a central role for population size, with smaller population sizes driving more frequent adaptive evolution. While unexpected under simpler population genetics models [26] , this result can be explained in light of the accumulation of slightly deleterious mutations in smaller populations, causing proteins to be further away from their fitness optimum and promoting more frequent compensatory mutations in the same or different genes [32, 33] . Indeed, using a homologybased functional prediction approach [34], we found that non-synonymous substitutions more frequently have deleterious effects in evolutionary radiations compared to background lineages (mean = 19.1% versus 15.7%; Welch's twosample t test, p = 0.0127; Figure 4 ) and that average ancestral population size and frequency of deleterious substitutions within evolutionary radiations show a negative but non-significant relationship (two-sided Spearman's rank correlation test, rho = À0.20, p = 0.53). This has important implications for our understanding of the evolution of reproductive isolation during rapid evolutionary radiations. In fact, population sizes of species forming evolutionary radiations on oceanic islands and mountain ranges are typically small [30, 31] , and speciation in these systems is often accompanied by recurrent bottlenecks followed by range expansions, which can further promote fixation of slightly deleterious mutations [35, 36] . Deleterious mutations and compensatory adaptive mutations can thus be quickly and independently fixed in different populations, causing reproductive isolation, because hybrid individuals would frequently carry deleterious mutations without the corresponding compensatory mutation.
Conclusions
In this work, we investigated the evolutionary processes driving evolutionary radiations in plant lineages from two habitats where rapid species radiations are most common: oceanic islands (Hawaii, Canary Islands) and mountain ranges (Andes, Rockies, Himalayas). We demonstrate that, genome-wide, adaptive evolution is significantly more frequent in evolutionary radiations, compared to more slowly diversifying plant lineages. This generalizes previous results [9] [10] [11] [12] 37 ] and suggests a central role for adaptive evolution during rapid diversification. In addition, we find a significant negative effect of population size on adaptive evolution in evolutionary radiations. This suggests that widespread adaptive evolution may be partly driven by demographic effects that cause fixation of deleterious mutations and associated compensatory adaptive mutations.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
. Adaptive Evolution Is More Common in Smaller Populations
Across the twelve rapid evolutionary radiations studied, the percentage of genes evolving under positive selection shows a significant negative correlation with the average ancestral population size in each lineage (two-sided Spearman's rank correlation test, rho = À0.58, p = 0.048). See also Figure S3 and Table S2 .
Figure 4. Non-Synonymous Substitutions More Frequently Have Deleterious Effects in Rapid Evolutionary Radiations
Bar plot shows the percentage of non-synonymous substitutions that are putatively deleterious (Provean score < À2. 
STAR+METHODS KEY RESOURCES TABLE LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Bruno Nevado (bruno.nevado@plants.ox.ac.uk). This study did not generate new unique reagents.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
For analysis of species from evolutionary radiations, fresh plant material was collected from different Botanic Gardens throughout the UK (detailed in Fresh tissues from multiple plant species were obtained from Botanic Gardens as detailed in Table S1 .
Multiple Multiple
Seeds from multiple plant species were obtained from multiple sources as detailed in Table S1 .
Multiple Multiple Deposited Data
Newly sequenced data was deposited in GenBank's Short Read Archive, BioProject ID PRJNA491458
This study PRJNA491458
Sequence data re-used in this study and available form previous work was obtained from GenBank as detailed in Table S1 .
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METHOD DETAILS

Taxonomic sampling
We collected fresh leaves from 6 to 8 species from each focal plant lineage, most of which were obtained from live plants sampled in Botanic Gardens throughout the UK (Table S1 ). Material collected was immediately frozen in dry ice or liquid nitrogen, taken to the lab and kept at À80C until extraction.
RNA extraction and sequencing
We extracted total RNA from each sample using the QIAGEN RNeasy Plant Mini kit, following the manufacturer's instructions and applying the optional DNase digestions step. For some species this extraction protocol performed poorly, thus we used a modified CTAB extraction protocol followed by column cleaning from RNeasy Plant Mini Kit (QIAGEN) as follows: 1) 600ul CTAB buffer (with 1% b-mercaptoethanol) was added to the samples and mixed; 2) 600ul of chloroform-isoamyl alcohol (SEVAG) was added, mixed and centrifuged at maximum speed for five minutes; 3) the supernatant was transferred to a new tube and the steps 2-3 were repeated; 4) the supernatant was transferred to a new tube and equal amount of isopropanol was added, mixed and centrifuged at maximum speed for 15 min; 5) the supernatant was removed and the pellet was washed with 75% ethanol; 6) excess ethanol was removed and 75ul water was added to dissolve the pellet for 15 min at 65 C; 7) 340ul RTL buffer (from the RNeasy Plant Mini Kit) and 200ul 100% ethanol were added; 8) manufacturer's protocol from step 5 onward was followed with additional DNase treatment. For samples of Schiedea and Puya, we used the Trizol extraction protocol [51] followed by DNase treatment. For all samples, RNA integrity was assessed with the Agilent 2100 Bioanalyzer. Paired-end Illumina libraries were prepared by the WTCHG Oxford genomics or the Edinburgh Genomics facilities. Samples were multiplexed and sequenced on the Illumina HiSeq platform with an average of 8 samples per lane.
Pre-processing and transcriptome assembly
We quality-checked short read sequence data using FASTQC v0.11 [38] and used TRIM_GALORE v 0.4 (available form www.bioinformatics. babraham.ac.uk) to remove Illumina adaptors. We assembled de novo transcriptomes for each species using TRINITY v 2.5 [39] with default settings and included an initial trimming step to remove low quality bases with TRIMMOMATIC [40] . We identified putative coding sequences within the longest isoform of each gene using TRANDECODER v 3.0 [39] with default settings.
Orthology inference
To identify orthologous genes within each evolutionary radiation we used ORTHOFINDER v 1.1 [20] , retaining for subsequent analyses only single-copy orthologous genes sequenced in at least 6 species. For background lineages we included in our analyses only the single-copy orthologous genes identified in previous work [11] . We initially aligned the coding sequences of each orthologous gene from multiple species using PRANK v 140110 [41] with the codon substitution matrix method [52] . Manual inspection revealed that these alignments often contained alignment errors or included paralogous regions. To deal with this, we applied a series of alignment cleaning and trimming steps using stringent criteria. First, we excluded positions with more than 50% missing data and sequences shorter than 10 bp, and obtained a phylogenetic tree for each gene using RAXML v 8.0 [42] with the GTRCAT model. We calculated the average tip length for each species and the average internal edge length (both standardized by total tree length) across all orthologous gene trees obtained for each plant lineage. We then recursively trimmed tips and internal edges that were too long -for each species we trimmed tips that had a relative length above 99% of the distribution seen across all trees; and for each resulting tree we trimmed edges with relative length above 99% seen across all genes, in each case keeping the resulting subtree with most sequences. Visual inspection revealed that paralogous errors were removed with these steps, however alignment errors remained in some instances, particularly at the end of sequences or in short sequences between gaps. To address the former issue, we trimmed the beginning and end of sequences that showed high divergence -we calculated average divergence to all other sequences in the orthogroup and, moving in windows of 9 bp, trimmed the beginning and end of sequences when average divergence on the window was above 20x the average across the sequence. To address the later issue, we trimmed stretches of sequences with less than 10 contiguous nucleotides and flanked by more than 8 gaps on each side. The resulting trimmed alignments were then realigned using PRANK with the codon model. Genes with fewer than four species remaining after these cleaning and trimming steps were excluded from subsequent analysis.
The cleaning steps described above were based on published pipelines for inference of orthologous genes using RNaseq data of non-model organism [53] , but used a faster orthology inference method (with ORTHOFINDER) and clade-specific thresholds for identifying paralogs and poorly aligned regions. This analysis was implemented in R and Perl scripts (available from https:// github.com/brunonevado/trimming). Manual inspection of original and final alignments revealed that paralogy and alignment errors were thoroughly removed, although at the cost of removing some regions that did not show any obvious errors -for instance, most sequences that contained variable positions at the end or start of sequences were trimmed. We see no reason to expect this to bias the results of subsequent analyses, whereas failing to remove alignment errors is more likely to lead to spurious results.
Phylogenetic inference
To obtain a phylogenetic tree for each plant lineage, we used a Maximum-Likelihood supermatrix approach -we concatenated all orthologous genes, removed positions with more than 50% missing data, and used RAXML to obtain a phylogenetic tree using the GTRCAT nucleotide substitution model, with node support estimated with 100 rapid bootstraps [54] . To assess the impact of incomplete lineage sorting on phylogenetic inference, for each lineage we used an alternative coalescent-based approach implemented in ASTRAL v 5.6 [43] . To estimate a species tree with this approach, we first estimated gene trees for each orthologous gene with RAXML (with the same settings as above), and then used these gene trees to estimate a supertree in ASTRAL. Maximum-Likelihood and coalescent-based approaches returned identical topologies for most lineages, with only six species showing conflicting phylogenetic positions in the two approaches ( Figure S4 ).
The resulting unrooted Maximum-Likelihood phylogenetic tree (hereafter the species tree) was used for subsequent analysis of selection, but for estimation of ancestral population sizes a rooted tree was required. For each evolutionary radiation, we downloaded proteomes from related species (Table S3 ) from uniprot (https://www.uniprot.org:443/) and from the 1000 plants project (https:// sites.google.com/a/ualberta.ca/onekp/). Single copy orthologous genes between ingroup and outgroup were obtained with ORTHO-FINDER and their protein sequences aligned with PRANK. Resulting protein alignments were concatenated and a phylogenetic tree obtained with RAXML using the PROTGAMMAAUTO option, constraining the phylogenetic relationships within the ingroup to the unrooted phylogeny obtained previously. The resulting phylogeny was used to infer the most basal split within the species tree, such that the ingroup phylogeny could be rooted for subsequent analysis.
To infer the extent of phylogenetic conflict among genes within each plant lineage, we performed the Shimodaira-Hasegawa test (SH-test) [55] . For each gene, we compared the fit of an unconstrained gene tree to the species tree obtained with all genes. We used PHYML v 3.1 [44] with the GTR+G model to optimize the likelihood of the unconstrained gene tree and the species trees, and CONSEL v 1.2 [45] to perform the SH-test. Genes that significantly preferred the gene tree over the species tree (FDR-corrected p < 0.05) were excluded from subsequent analyses of selection.
Frequency of positive selection genome-wide
To estimate the frequency of positive selection acting on coding sequences during diversification in each plant lineage we used methods based on the estimation of the nonsynonymous to synonymous substitution rate ratio (u = dN/dS) along phylogenies [18, 19] . We used the sites models implemented in the program CODEML from the package PAML v 4.8 [46, 47] , and fitted two alternative models: model M7, which allows only for sites evolving under neutrality and purifying selection; and model M8 which additionally allows a class of sites evolving under positive selection. We compared the fit of the two models with a Likelihood Ratio Test (LRT) with 2 degrees of freedom, and corrected resulting significance values with the False Discovery Rate (FDR) method [56] .
We performed this analysis of selection for each orthologous gene of each plant lineage, after excluding codon positions with more than 50% missing data, and sequences with more than 50% missing codons. We also excluded genes with fewer than six species or 99 codons, genes without any variation, genes with too high synonymous substitution rates (dS > 2) that could indicate remaining alignment errors, and genes that showed significant phylogenetic conflict (SH-test FDR correct p < 0.05). For all tests, equilibrium codon frequencies were estimated from the average nucleotide frequencies at the three codon positions (codonFreq = 2), and positions with missing data were included (cleandata = 0).
In addition to the phylogeny-based analysis of the genome-wide frequency of positive selection, we estimated u between each pair of species within each plant lineage. To do so we concatenated the coding sequences of all genes tested above, and used the Maximum-Likelihood pairwise estimation method in CODEML (runmode = À2). The pairwise approach does not allow distinguishing positive selection from relaxation of purifying selection, and assumes a single u value for all sites, but provides an estimate of u that is not dependent on the assumed phylogeny.
Distribution of selection coefficients
To estimate the distribution of selective coefficients (S) of non-synonymous mutations in each plant lineage, we used the inverse mapping from the distribution of u among sites [57] . For each plant lineage, the distribution of u was calculated by concatenating the coding sequences of all genes used in the analysis of the genome-wide frequency of positive selection (above) and running model M5 in CODEML where hðSÞ = ðe S À 1Þ. This inverse mapping from u to S makes some simplifying assumptions: population sizes are constant among lineages; all non-synonymous mutations on the same site have the same selective coefficient; there is no interference in the fixation process of multiple mutations; and there are never more than 2 alleles segregating on the same site [57] .
Functional impact of non-synonymous substitutions
To infer the functional impact of non-synonymous substitutions we used the algorithm implemented in PROVEAN . For each plant lineage we randomly selected 250 genes from the set of genes tested for selection for this analysis (except for Populus, for which all 126 genes available were used, Table S2 ). For each gene, we generated a consensus sequence, identified non-synonymous substitutions and predicted their effect using PROVEAN by blasting against the NCBI non-redundant protein database. We classified substitutions as putatively deleterious if their Provean score was below À2.5, and calculated the percentage of substitutions that were putatively deleterious for each lineage.
Diversification rates
To test whether the frequency of adaptive evolution correlates with diversification rate, for each evolutionary radiation analyzed we estimated diversification rate (r) from the number of species (n) and expected crown age (t) as r = logðnÞ À logð2Þ t
(Equation 4 in Magallon and Sanderson [58]
). Number of species and crown age of each lineages were obtained from previous studies (Table S2 ).
Ancestral population sizes
To estimate ancestral population sizes along the phylogenies of each evolutionary radiation, we used BPP v 4.0 [50] . This program applies the multispecies coalescent model in a Bayesian framework to estimate ancestral population sizes and times of species split, while accounting for incomplete lineage sorting and low information content of each individual gene. We used the analysis A00, which estimates the parameters of the multispecies coalescent (population sizes and times of divergence) along a fixed topology [59] . The analysis under the multispecies coalescent assumes free recombination between loci, no recombination within loci, neutral evolution of all loci, and no gene flow between species [59]. To accommodate the assumptions of neutral evolution and no recombination within loci we excluded genes evolving under positive selection (as estimated previously), and used only the first 300 nucleotides of each gene. We cannot rule out gene flow between species, but this should result in predictable biases (overestimation of population sizes, underestimation of divergence times) and simulations suggest a low amount of migration should not result in strong biases [60] . Preliminary runs showed that analysis of all genes within each plant lineage was not computationally feasible. We thus performed three runs for each analysis, in each case randomly sampling 1,000 loci from each dataset.
For each analysis performed with BPP we used weak priors on both population sizes and divergence times using an inverse gamma distribution with mean 0.002 (population sizes) and 0.001 (divergence times). We allowed for variable mutation rate between locimodeled with the random-rates model of [61] using a Dirichlet distribution (prior a = 2) -and included positions with ambiguity data (cleandata = 0). Each run consisted of 10,000 burnin steps, followed by 100,000 samples taken every 10 th generation. For each analysis, estimates of ancestral population sizes were compared and summarized across runs using tracer (available from http://tree.bio.ed.ac.uk/software/tracer/).
Within each plant lineage the estimates of ancestral population sizes were somewhat variable between independent runs, which is expected given that each run used a random subset of 1,000 loci. Parameters with estimates that were particularly variable across runs (i.e., with effective sample size < 100 when summarized across all runs), were excluded from subsequent analysis, and average estimates for other parameters were obtained across runs.
Niche volumes
To estimate the niche volume occupied by each evolutionary radiation, we used occurrence data from the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/), and 34 environmental variables including elevation data, soil quality, solar irradiation and bioclimatic variables (Table S4 ).
For the occurrence data, for each evolutionary radiation we included all congeneric occurrences and restricted the geographic origin of records to the Andean Mountains, the Rockies, the Himalayas, the Canary Islands or the Hawaii archipelago, using map-drawn polygons. In addition, we excluded records without exact geographic coordinates (ignoring records flagged with COORDINATE_ROUNDED, or with coordinates with fewer than 3 decimal places) and, for lineages from mountainous regions, records with elevation below 2000 m (or without elevation information). The number of records obtained for each lineage was highly variable, which can confound the analysis. We thus randomly selected the same number of records (n = 70) from each lineage for subsequent analysis.
All environmental variables were resampled to the same resolution with the R function RESAMPLE from the RASTER package [62] , and cell grids without occurrence data were excluded from subsequent analysis. To reduce dimensionality, we performed a Principal Component Analysis (PCA) with the R function PRINCOMP from the STATS package, using the correlation matrix to standardize the variables. We then quantified niche volume for each plant evolutionary radiation from the first 3 principal component axes within environmental space using the R function HYPERVOLUME_GAUSSIAN from the HYPERVOLUME package [63] .
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistics were calculated in R v 3.4.3. t tests estimated variance separately for each group, used Welch's modification to the degrees of freedom and were two-sided. Tests for association between variables used Spearman's rho and were two-sided.
DATA AND CODE AVAILABILITY
Raw sequence data generated for this study is available from GenBank's Short Read Archive, BioProject ID PRJNA491458. Custom software developed for this project is available from https://github.com/brunonevado/trimming.
